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The synchrotron radiation damping time becomes small compared
to the beam lifetime when the beam energy in a circular hadron col-
lider reaches about 100 TeV and the dipole eld about 10 T. This
paper discusses an approach to the design of these colliders such that
the desired performance parameters, e.g. beam-beam tune shift and
luminosity are achieved at the equilibrium values of the beam emit-
tance and momentum spread. The design procedure is described,
involving the design of the interaction regions, the arcs, and the RF
system. The thresholds and/or growth rates of several collective ef-
fects, and the growth times for intra-beam scattering are estimated.
The consequences of the synchrotron radiation and suggested areas
for future work are discussed in the conclusions.
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In \practical units" the damping time 
z
of the oscillations in the three degrees














Here, z labels the plane and may be x for horizontal, y for vertical betatron
oscillations, or s for synchrotron oscillations, J
z
is the damping partition number,











 1 and J
s
 2 in a separated
function lattice. The term in brackets in an inverse lling factor, where C is the
circumference and  the bending radius in the arcs of the collider. At an energy
E  100 TeV and a dipole eld B  12 T, the damping time becomes about one
hour. This was already noticed and proted from in the high-eld option of really
large hadron (RLHC) colliders [1]. Since the beam lifetime and the duration of a
colliding beam run are usually many hours, the beams will have the equilibrium
beam parameters, given by the equilibrium of synchrotron radiation damping and
quantum excitation, during most of their lifetime.
In this report, I go a step beyond [1], and design RLHC's such that the beam-
beam limit and the desired luminosity are achieved at the equilibrium beam
parameters. This approach has the advantage that the emittances of the injected
and circulating beams in all three degrees of freedom are decoupled, and that the
collider is insensitive to slow phenomena with growth times much longer than the
damping time. I adapt the well-known design techniques for electron-positron
storage rings to the RLHC design, and study the consequences. The remainder
of this paper is organised as follows: Chapter 2 describes the design procedure,
and culminates in lists of parameters for various RLHCs. Chapter 3 discusses
the thresholds and growth rates of the important instabilities, and estimates the
impedances seen by the beams. Chapter 4 contains the conclusions, mostly a list
of topics for future studies.
2 DESIGN PROCEDURE
The formal design procedure for electron-positron colliders was formulated by
Rees and Richter [2]. Adapting it to proton-proton colliders implies setting three




, the classical radius r
p
, and the Compton wave-
length 
p
to their proton values. The procedure consists of three stages:
 The interaction point design uses the standard equations for luminosity and
linear beam-beam tune shifts, and input values of the energy E, the collision
frequency f , and the -functions at the interaction point 
?
to obtain the




 The arc design achieves the desired equilibrium emittance by adjusting the
phase advance and length of the cells.
 The radio frequency design computes the voltage required to compensate the
synchrotron radiation losses and to achieve an adequate quantum lifetime,
and the power required for the beam loading.
During the workshop, I incorporated the equations in a spreadsheet, and used
it to understand the dependence of crucial parameters such as luminosity and
beam-beam lifetime on FODO cell length and phase advance. Since then, I
have adapted the DESIGN program [3], originally written for electron-positron
colliders, to proton proton colliders. Contrary to a simple spreadsheet, it designs a
collider to a specied luminosity by adjusting the arc and RF system parameters.
Three \radii" are used in the calculation. The bending radius  follows from
the energy E and the dipole eld B. The average radius of the arcs R >  includes
space for the quadrupoles, sextupoles, other magnets, and short straight sections
in the arc cells. As in the LHC [4], I use R= = 1:25. The average machine radius
C=2 > R includes also the long straight insertions for the experiments. I scale
their length like
p
E from the SSC [5], assume four interaction regions, and nd
C=2 = R + 1708 m.
2.1 Interaction Region Design












, and equal -functions at the interaction point IP, luminosity


















Here, N is the bunch population, r
p
is the classical proton radius, and f is
the bunch collision frequency. I have assumed that the dispersion vanishes at
the interaction point, and ignored the crossing angle and the \hourglass" eect.
Using the equation for  to remove one power of N from the luminosity equation,






Here,  is the usual relativistic factor. The two beams must cross at an angle in
order to separate them at the parasitic collision points at multiples of half the





the IP and of the full crossing angle are related [6]. The choice of the the beam-
beam tune shift parameter  = 0:003 for the LHC is discussed elsewhere [7]. I use




= 0:5 m and f are xed, the bunch population
N follows from (3), and the emittance from (2). Tab. 1 shows the resulting IP
3
parameters in a proton-proton collider with a beam energy E = 100 TeV for a
range of luminosities. The bunch spacing corresponds to ve RF wavelengths at
400 MHz. It is related to the collision frequency by s = c=f , where c is the





=f , where 
inel









c is calculated for one interaction
region. Here 
tot
= 120 mb is the total cross section. The reason for using two
cross sections is that protons may be lost from the beams due to beam-beam
collisions even when the events are invisible to the detector, because all particles








C=) demonstrates that it
is independent of the luminosity, inversely proportional to the energy, and small
for good performance parameters, i.e. small 
x
and large ; 
bb
is proportional to
the circumference C, because in a larger machine the same proton bunch passes
through an interaction point less frequently.
Table 1: Interaction region parameters for 100 TeV proton-proton colliders with















/nm 36.6 122.1 366.4




















/h 42.8 42.8 42.8
At rst sight, some numbers in Tab. 1 look rather small, compared to numbers
for the LHC [4] or SSC [5]. This is largely due to the higher energy and adiabatic
damping. The RMS beam radii are about a m. At 100 TeV, a beam with the
normalised emittance 
n











The arcs should provide just enough quantum excitation to achieve the emittance
corresponding to the beam parameters listed in Tab. 1. Assuming standard sep-
arated function FODO cells in the arcs, this is done by adjusting the cell length
L
p

































I then compute the RMS beam radii, bunch population and luminosity. In (4), R
is the average radius of the arcs, and Q is their tune. I assume that the remainder
of the collider, i.e. the insertions, does not contribute to the quantum excitation,
because the dispersion vanishes there. In the DESIGN program, I ask for a given






, and use a more accurate formula for the




! 0 converges towards (4).









. If this is achieved by coupling the horizontal and vertical
betatron oscillations, (4) may overestimate 
n
by a factor of two. Tab. 2 shows
the parameters of the arcs, assuming a dipole eld B = 12 T. I do not pronounce
myself on the technical or economic feasibility of such elds [9], I simply argue
that they are needed in order to obtain colliders in the parameter range I wish to
study. The normalised emittance 
n
is proportional to the luminosity, as expected
from (2) and (3). In the collider with the highest luminosity, it reaches about
one third of the SSC value.
Table 2: Parameters of the arcs of 100 TeV proton-proton colliders with dipole
eld B = 12 T, bending radius  = 27:78 km, and arc radius R = 34:723 km





=2 0.25 0.25 0.25
Cell length L
p
/m 249.0 372.0 536.5
Maximum amplitude function 
x
/m 425 635 915
Maximum dispersion D
x
/m 1.2 2.7 5.6
2.3 Synchrotron Radiation






Tab. 3 shows several parameters related to the synchrotron radiation. The to-
tal synchrotron radiation power P per beam is of the order of a MW, up to
three orders of magnitude higher than the 3.6 kW in the LHC. The normalised
power p = P=2R is computed per running metre of arc, and reaches several W,
almost two orders of magnitude higher than the 0.2 W in the LHC. The vac-
uum chamber acts as a cryopump. It is shielded from the synchrotron radiation
by the perforated beam screen which absorbs the synchrotron radiation. For a
good Carnot eciency, its temperature should be much higher than that of the
vacuum chamber. Collective eects, in particular the resistive wall instability





is the number of photons per metre of arc and per second. In
5
LEP2, operating at 96 GeV and a total current of 14 mA [10], the photon ux is






, higher than the highest gure shown in Tab. 3.
Table 3: Synchrotron radiation parameters of 100 TeV proton-proton colliders
with synchrotron radiation loss U
s




Beam current I/mA 11.5 38.5 115
Synchrotron radiation power P/MW 0.32 1.08 3.23











2.4 RF System Design
All ingredients needed for the design of the RF system are now available. The
synchrotron radiation loss per turn U
s
is listed in Tab. 3, the relative RMS mo-
mentum spread 
e
in Tab. 2, and the assumed quantum lifetime 
q
in Tab. 4. I




Since I assume that the dispersion vanishes in the insertions, they do not con-
tribute to . The super-conducting RF cavities have a frequency f
RF
= 400 MHz,
unloaded shunt impedance Z = 60:3 G
/m and lling time T
f
= 2:4 s similar
to the LHC values. The DESIGN program nds the minimum circumferential
RF voltage V
RF
needed to achieve a specied quantum lifetime 
q
= 24 h, or
a specied bucket height, including beam loading [11], pessimistically assuming
that the two rings have a common RF system, but ignoring energy losses caused
by wakeelds. DESIGN nds the RF system parameters listed in Tab. 4. At rst
sight, the relative RMS energy spread 
e
and the bunch length 
s
look rather





comparable to those of the LHC and SSC, about 1 eVs.
The horizontal damping time 
x
is twice the time needed for a particle to
radiate all its energy. It is thus also about twice the time needed for accelera-
tion from injection energy to the operating energy when synchrotron radiation
is neglected. If the acceleration time T is to be shorter than half the horizontal
damping time, the peak RF voltage and the RF power must be higher than those
listed in Tab. 4 in the ratio 
x
=(2T ). The extra voltage can usefully be employed
also at the operating energy to shorten the bunches and to raise the synchrotron
tune.
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Table 4: Parameters of the RF systems of 100 TeV proton-proton colliders with
circumference C = 228:9 km, harmonic number h
RF






/MV 30.0 31.5 33.7




















=c/eVs 0.38 0.49 0.63
3 COLLECTIVE EFFECTS
For the really large hadron colliders studied in Snowmass 1996 [12], the following
instabilities were found to be important [13]: Resistive wall instability, coherent
synchrotron tune shift, longitudinal microwave instability, and transverse mode
coupling instability. Tab. 5 lists their thresholds and growth rates at the energies
where they are most critical. In the following equations, I is the total beam
current, and I
b
is the bunch current, and the eective impedances Z
e
are the
weighted sums of Z(!) and the bunch power spectrum [14]. I do not attempt to
establish an impedance budget. For each phenomenon I only study the dominant





=c = 1 eVs.
Table 5: Growth rates and threshold impedances. The beam screen has a radius
b = 0:03 m and consists of two layers. The inner layer is 50 m of Cu at 5 to
20 K with a resistivity 
w
= 1:8  10
 10

m, the outer layer is stainless steel.











 at 100 TeV 9.2 10.42 12.0













at 5 TeV 3.35 1.24 0.50
3.1 Resistive Wall Instability
The growth rate of the resistive wall instability 
 1
w




























is the circular revolution frequency, ! = (n   Q)!
0
= 0:25! is the
circular betatron frequency of the n-th mode, Z
0
is the impedance of free space,
b is the radius of the beam screen, and

  R=Q is the average -function. The






















The wall penetration factor F
w
= 7:2 describes the eects of a beam screen similar
to that in the LHC [4], consisting of two layers, a thin inner layer of very good
conductor (50 m of Cu at 5 to 20 K with resistivity 
w




thicker layer of less good conductor (stainless steel). In the colliders studied here,
F
w
depends on the thickness of the stainless steel layer, contrary to the LHC. In
the LHC, about half the wall resistivity is caused by the 10 % of the circumference
with a Cu vacuum chamber at room temperature. We shall ignore this factor in
the calculation of the growth rates. The growth rates at 5 TeV listed in Tab. 5
correspond to growth times between 4028 and 186 turns. Such growth times can
be handled by feedback systems. If the resistivity and the thickness of the inner
Cu layer are both increased by the same factor, the growth rates and the forces
on the screen due to a magnet quench remain constant. They are a critical issue
in the choice of the thickness of the Cu layer in the LHC [15]. This might open
the possibility of reducing the cryogenic load on the beam screen by operating at
a higher temperature. The resistive power losses due to the image current in the
beam screen are much smaller than the synchrotron radiation power.
3.2 Coherent Synchrotron Tune Shift
To preserve longitudinal Landau damping, the synchrotron tune shift must re-
main smaller than the synchrotron tune spread. This requirement leads to an up-






























The coherent synchrotron tune shift is driven by the longitudinal broad band
impedance which is dominated by the shielded bellows [14] in the LHC. When
scaling to other machines, it is plausible to assume that the beam screen radius
and the number of bellows per unit length are similar to those in the LHC. It fol-






of the machine circumference, and about an order of magnitude higher than the
threshold listed in Tab. 5 at 100 TeV, where it most critical. We have to discuss
how to overcome this potential problem. Increasing the harmonic number h
RF
does not really help much, since the benecial eect is largely cancelled by the
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, as can be seen in (9). Raising the
RF voltage V
RF
is counter productive. The only promising way of increasing the
threshold is increasing 
s
by a factor 10
1=5
 1:6. This may be done by exciting
the synchrotron oscillations with RF noise, by reducing the damping partition
number J
s
, or by reducing the slope of the RF wave form with a second RF
system at a higher frequency [16]. Since the cuto due to the bunch length is
well above the resonant frequency of the bellows, the fact that the bunches are
shorter than in the LHC should not have much eect on the eective longitudinal
impedance.
3.3 Longitudinal Microwave Instability
The bunches are stable against the longitudinal microwave instability if the fol-




































in the discussion of the coherent




j is also about 0.1 
, we
nd that the longitudinal microwave instability is safely below threshold by a
factor between about ve and ten, and an even larger factor at 5 TeV.
3.4 Transverse Mode Coupling Instability
The transverse mode coupling instability is caused by the shift of the m = 0
head-tail mode due to the broad band transverse impedance towards the m =  1

















In the LHC the transverse broad band impedance is dominated by the monitor
tanks [14]. In going from the LHC to a dierent machine, their number scales
like the ratio of circumference C and betatron wavelength, while the -function
at the monitors scales like the period length L
p
in the arcs. Since the phase
advances in the LHC and the machines in Tab. 2 happen to be the same, the
product of -function and transverse broad band impedance simply scales like
the circumference, i.e. is a factor of 8.6 higher than in the LHC, again assuming













 24, 16, 11 M
/m for the machines listed in Tab. 2.
These gures are safe, and much smaller than the thresholds listed in Tab. 5. At
100 TeV, the threshold impedances are quite similar to those at 5 TeV.
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3.5 Intra-Beam Scattering
In tightly focused bunches with a high spatial particle density, the risk of short
intra-beam scattering lifetimes is rather high. Tab. 6 shows the results for the
amplitude growth rates, obtained with the IBS command in MAD [17], using
the actual -functions and dispersion in the arc cells. The vertical intra-beam
scattering time is not shown and negative, implying damping, and orders of
magnitude larger than the other two. Tab. 6 demonstrates that machine no. 1
with the lowest luminosity has a severe intra-beam scattering problem, the growth
times being about one fth of the synchrotron damping times. In machine no. 2
with the intermediate luminosity, growth and damping times are comparable.
Only in machine no. 3 with the highest luminosity are the growth times about
twice the corresponding synchrotron damping times. This apparent dependence
of the growth times on the luminosity is caused by my assumption of a constant
bunch spacing, as shown in Tab. 1. If I keep constant the product Ls of bunch
spacing and luminosity, and hence the number of events in a collision, then the
growth times become independent of L.
Table 6: Intra-beam scattering growth times 
s
for synchrotron oscillations and 
x










Designing RLHCs such that the synchrotron radiation damping time is of the or-
der of an hour and that the desired beam-beam tune shift parameter  = 0:03 and
luminosities L = 3; 10; 30 (nbs)
 1
are reached at the equilibrium beam parame-
ters leads to interaction region, arc and RF system parameters not too far from
extrapolated LHC and SSC parameters. In all three colliders studied here, the co-
herent synchrotron tune shift, driven by the longitudinal broad band impedance
of the shielded bellows is above threshold by about an order of magnitude, un-
less one or the other of the measures listed in Section 3.2 are taken. Intra-beam
scattering excludes the highly focused low-luminosity colliders which would have
had the advantage that only a few events occur in every beam-beam collision.
An inevitable consequence of designing RLHCs to synchrotron radiation damp-

























in colliders in which B is adjusted such that the
desired 
x
is achieved. The stored energy G in one beam is given by:












The last form is obtained by again using (1) to eliminate B, and tells us that









The second form of (13) is the most illuminating one, and demonstrates how
P and G are related by 
x
. For a given performance in terms of E, L, 
x
and ,
the choice of the damping time 
x
determines both P and G. For large 
x
, P is
small and G is large, while for small 
x
, P is large and G is small. Numerically,
the stored energy in one beam is G = 0:88; 2:94; 8:83 GJ, respectively, for the
three machines. These gures should be compared to 0.33 GJ for the LHC [4],
and 0.4 GJ for the SSC [5].
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